INTRODUCTION
With rapid growth of wind power in the power system, the sub-synchronous interaction (SSI) may occur when a wind farm (WF) is connected to alternating-current (AC) transmission lines with series-capacitor compensation [1] . The doubly-fed induction generator (DFIG) based WFs are especially susceptible to the SSI, which can build up within hundreds of milliseconds [2] . The SSI can cause damages very fast, i.e. leading to excessive currents both at the wind turbine level and the point of common coupling (PCC), and creating significant over-voltages at the utility level before relays detect [1] . Such events have been reported in the Electric Reliability Council of Texas (ERCOT) system and other places [3] - [4] .
The SSI in the WF has been investigated using the methods of studying stability and sub-synchronous oscillation problems in power systems, i.e. the eigenvalue analysis, the root locus method and the frequency scanning [3] - [5] . The SSI in the WF is different from traditional thermal power generation systems, what is usually excited by the sub synchronous torsional interaction and the shaft torque amplification, the sub-synchronous induction generator effect (SSIGE) and the sub-synchronous control interactions (SSCI). The SSIGE and SSCI are the two main types in the WF [6] - [7] . The two types of SSI have been analyzed in order to find the possible factors that influence currents oscillation and system stability. In [5] - [8] , it is indicated that the cause of SSIGE in the DFIG based WF is similar to the one in conventional power generation systems When wind speed reduces or the SC level increases, the absolute value of the equivalent rotor resistance may exceed the sum of the stator resistance and network resistance at the electrical resonance frequency, and it will destabilize the system. The SSCI is an interaction between the generator controller of wind turbines and the series compensated transmission system [6] , [9] . The existing research shows that the possible sub-synchronous oscillation frequency under the SSCI is not fixed and can be in a wide frequency band above the slip frequency. The SSCI can build up very quickly and will cause severe damages [3] , [5] if not effectively suppressed.
Although previous studies indicate some characteristics of the SSI phenomenon, the factors influencing the SSI of DFIG based WF have not been fully given. The system uncertainties such as the SC level, grid line reactance and wind speed are not fully considered. This paper considers all the above factors as well as the controller parameters, and analyzes the influence of each factor on the SSI phenomenon and the system stability by the eigenvalue analysis and time-domain simulation.
This paper is organized as follows. Section II develops the system model using the state-space representation. Section III analyzes the small stability of the IGE and the SSCI by the eigenvalue analysis. In Section IV, the large-signal stability is studied by time domain simulation, including the system response under grid voltage faults and SC level changes, followed by conclusions.
II. SYSTEM MODELING
The WF model for SSI studies usually adopts the IEEE first benchmark model (FBM). The system diagram is shown in Fig. 1 , where the WF is aggregated as a wind turbine (WT). A 1.5 MW DFIG based WT model is used in this paper scaled up to represent a 90 MW WF. All DFIG variables are marked in the motor direction. The parameters of the whole system are listed in the Appendix. For the DFIG based WT, the power flow from the stator side and the rotor side is approximately (1-slip) /slip [10] , [11] . Neglecting the power loss of the converters, it has il ≈ is / (1-slip). So the transmission line reactance and resistance, LLT = LT +LL and RL, can be converted from the grid side to the stator side as LLT´ = LLT / (1-slip) and RL´ = RL / (1-slip). The SC level is defined as = 1/ ( ), and its range is 0 ≤ ≤ 1 . Based on the basic time domain DFIG mathematical model [6] , a 6th order system model with both the generator model and the grid model at the synchronously rotating dq frame can be described by state-space realization as (1), marked as G (A, B1, B2, C, D) . The state-space variable vector is marked as = , , , , , . The output vector is = , . The input vector is = , . The disturbance vector is = , . The detailed description of the parameter matrixes in (1) are given in (2) and (3) at the end of the paper. 1 2
As [9] - [12] indicate, the system instability of the DFIG based WF is mainly caused by the rotor current controller of the rotor side converter (RSC). The RSC current controller commonly uses the proportion integral (PI) regulator, which can be described by the transfer function,
where = * * is the reference vector of the rotor current controller.
III. SSI ANALYSIS
The eigenvalues and modal analysis based on (1) and (4) are given in this section. The modal analysis can validate the small signal stability and provide the necessary information to understand the root cause of the SSI phenomenon.
A. Open loop System
There are several uncertain factors of the controlled system model, including the wind speed, transmission line reactance, and the series capacitor. The change of wind speed can be described by slip. The SC level can describe different series capacitor. It is seen from the red curve that there are two system modes without the series compensation. One is the synchronous mode related to the synchronous frequency fs. The other is the electro-mechanical mode related to the rotor current frequency. It is seen, with the slip increasing, the eigenvalues move towards the imaginary axis, and the system stability becomes worse. After adding series capacitor(s), as the blue and green curves show, the synchronous mode is replaced with a super-synchronous mode and a subsynchronous mode. It is seen, when the slip increases, the eigenvalues of the sub-synchronous mode moves from the left Imaginary half plane to the right half plane. It is a typical SSIGE phenomenon which makes the system unstable. Fig. 3 shows the eigenvalue loci of the open-loop system when the SC level increases from 0 to 100% with the slip being 0.3 (red), 0 (green) and -0.3 (blue), respectively. As the SC level increases, the system stability becomes worse. There is a maximum eigenvalue value when the slip is 0.3. After crossing the maximum value, the sub-synchronous mode move towards the imaginary axis, and the stability margin becomes smaller. Fig . 7 shows the eigenvalue loci of the closed-loop system when the SC level increases from 0 to 100% with the slip being 0.3 (red), 0 (green) and -0.3 (blue), respectively. Similar to Fig. 3 , it is seen, as the SC level increases, the system stability becomes worse. Figure 7 . Eigenvalue loci of the closed-loop system with SC level from 0 to 100% Fig. 8 and Fig. 9 shows the eigenvalue loci of the closedloop system as Kp increases from 0.01 to 10, and Ki increases from 0.01 to 20, respectively. The slip is 0.2 and the SC level is 50%. It is seen, the instability of the sub-synchronous mode is worsened by increasing Kp. It is seen in Fig. 9 the instability of the sub-synchronous mode becomes worse as Ki increases. 
IV. SIMULANTION STUDIES
The system large-signal stability was studied by time domain simulations. Fig. 10 shows the currents and output power with the PI control under the SC disturbance. The parameter K sc changes from 5% to 50% at 5 s, R L and L LT are nominal value, and the slip is -0.2. It is seen and showing obvious sub-synchronous oscillations from 5s and the oscillation frequency of is about 23 Hz. The active power also shows obvious oscillations. 1) The wind speed, reflected as the rotor speed or slip affects the SSI of DFIG. With wind speed decreases, the damping of the SSI decreases and the sub-synchronous mode becomes more unstable.
2) The series capacitor, reflected as the SC level, has great influence on the SSI of DFIG. With the SC level increasing, the sub-synchronous mode is more unstable.
3) The PI parameters greatly influence the SSI of DFIG. With the parameters of ki or kp increasing (e.g. the bandwidth of PI increasing), the stability of sub-synchronous mode worsens. So the conventional PI control method must be improved, not only keeping dynamic performance of control system with enough bandwidth, but also improving the mitigation ability on SSI.
4) The grid impedance influences the SSI of DFIG. The grid resistance increase improves the damping to mitigate sub-synchronous oscillation. The grid reactance increase reduces the damping of the SSI and the stability of the subsynchronous mode becomes worse. 
